In the case of cultivated modern wheats, the variation in zinc and iron concentrations in seeds is relatively small. Moreover, environmental and management factors exert a greater effect on variation of micronutrient concentrations of modern cultivated wheats than genetic factors. Wild wheats might serve as an important source of new genetic material for increasing micronutrient concentrations in seeds. To investigate this, we studied the variation in zinc and iron concentrations in seeds of wild and primitive diploid wheats and wild tetraploid wheats. The variation was particularly large in the case of zinc. The highest concentrations of zinc were found in the seeds of ssp. boeoticum (178 mg/kg) and ssp. dicoccoides (159 mg/kg). The results demonstrate that the genetic variation in the concentrations of zinc and iron in cultivated modern tetraploid and hexaploid wheats is extremely low when compared with the variation found in wild diploid and tetraploid wheats. This suggests that wild wheats, particularly chromosomes 6A and 6B in the wild tetraploid wheats, can be considered a major source of genetic diversity for increasing zinc and iron density in the seeds of modern wheats. In view of the fact that the concentrations of protein in seeds are strongly and positively correlated with the concentrations of iron and particularly of zinc, selection and/or breeding for high zinc and iron levels in seeds may result in simultaneously high levels of protein.
Introduction
Zinc and iron deficiencies are the most prevalent micronutrient deficiencies in soils and plants, resulting in large decreases in crop production and quality [1] . One approach to increasing zinc and iron concentrations in seeds is fertilization of plants via soils or foliar sprays. However, in most cases, zinc or iron concentrations in seeds do not improve to the desired levels, and in any event, there is no direct economic motivation for farmers to improve the nutritional quality of seeds through fertilization, although this may improve crop yields.
An alternative approach is to exploit the genetic variation in concentrations of these micronutrients in seeds through plant-breeding. In the case of cultivated modern wheats, however, the variation in zinc and iron concentrations in seeds is relatively small. Moreover, environmental and management factors exert a greater effect on the variation of micronutrient concentrations of modern cultivated wheats than genetic factors [2, 3] . However, as indicated by Cakmak et al. [4] and by Monasterio and Graham [5] , wild wheats might serve as an important source of new genetic material for increasing micronutrient concentrations in seeds. Wild and primitive wheats are rich in genetic diversity for a number of agronomically valuable traits [6, 7] .
To investigate this, we studied the variation in zinc and iron concentrations in seeds of wild (ssp. urartu and ssp. boeoticum) and primitive (ssp. monococcum) diploid wheats and wild tetraploid (ssp. dicoccoides) wheats. In addition, we identified the role of genes of some wild tetraploid wheats that are associated with high zinc and iron concentrations in modern wheats. Selected dicoccoides-modern wheat substitution lines were used in this last study. Seed samples were obtained from Israel (from Dr. M. Feldmann), Germany (from Dr. A. Börner), and Japan (from Dr. N. Watanabe). For each country except Turkey, seeds were obtained from plants that were grown under similar greenhouse conditions. As indicated in 
Wild and primitive wheats
The results for 25 wild diploid wheat (ssp. boeoticum and ssp. urartu) accessions and 46 wild tetraploid (ssp. dicoccoides) wheat accessions presented substantial variation in seed concentrations of iron and zinc. The variation was particularly large in the case of zinc. The accessions of wild tetraploid wheats from Israel differed by factors of 8 and 13 in concentration and content of zinc, respectively (table 1). Large differences were also found for iron, but the extent of the variation with iron was smaller. The highest concentrations of zinc were found in the seeds of ssp. boeoticum (178 mg/kg dry weight) and ssp. dicoccoides (159 mg/kg dry weight). Also in a set of ssp. dicoccoides accessions grown in El Batan, Mexico, Monasterio and Graham found accessions with very high concentrations of zinc in seeds [5] . The maximum concentration of zinc found in seeds of ssp. dicoccoides accessions in El Batan was 142 mg/kg dry weight. The fact that in each country dicoccoides accessions showed very high variation and concentrations of zinc suggests that high zinc concentrations in seeds of ssp. dicoccoides are genetically determined and not related to environmental conditions. High concentrations of zinc in seeds of wild diploid wheats are partly related to smaller seed weight of these wheats. Among all wheats tested, the wild diploid wheats with the highest zinc concentrations had the lowest seed weights, indicating a role of "concentration effects" in high-zinc seeds. However, in the case of wild tetraploid wheats, the seed weights were markedly greater than in diploid wheats, and, therefore, most of the ssp. dicoccoides accessions showed the highest amount of zinc per seed among all wheats tested in this study. Although the correlation between zinc and iron concentrations was not always high, the accessions of ssp. dicoccoides also showed higher concentrations and contents of iron.
Modern tetraploid and hexaploid wheats
The concentrations of zinc and iron in seeds of the modern tetraploid (ssp. durum) and hexaploid (ssp. aestivum) wheats were much lower and less variable than those of the wild tetraploid and diploid wheats, particularly under zinc-deficient soil conditions (table 1) . Clearly, domestication of wheat has resulted in lower seed concentrations of zinc and iron. The lower levels of zinc and iron in modern wheats as compared with the wild wheats might be related to the increased grain yield, or harvest index, of modern wheats, which causes a dilution of nutrients in seeds. However, in our study the accessions of the wild tetraploid wheats (ssp. dicoccoides) with higher zinc concentrations also had higher seed weight. Therefore, the very high concentrations and contents of zinc and iron found in some wild tetraploid wheat accessions cannot be attributed to a concentration effect. The existence of exceptionally large variation in concentration and content of zinc and iron in seeds of wild tetraploid wheats indicates that high micronutrient concentrations of wild tetraploid wheats are genetically controlled and not related to lower seed weight. In addition, in contrast to zinc, the variation in concentrations of other trace minerals in seeds, such as potassium, magnesium, and manganese, was very low and not relevant.
Unfortunately, we have no data about grain yield, which can also affect micronutrient concentrations in seeds. However, Graham et al. [8] reported that in a. Grown in zinc-deficient soils in Turkey.
Zinc and iron concentrations in wheat seeds
wheat there is not always a negative linkage between yield capacity and concentration of micronutrients in seeds. In addition, Deckard et al. [9] showed that increases in nitrogen concentration (and also protein concentration) in modern cultivated wheats by transfer of genes from wild tetraploid wheats (ssp. dicoccoides) are not related to grain yield.
The results demonstrate that the genetic variation in concentrations of zinc and iron in cultivated modern tetraploid and hexaploid wheats is extremely low when compared with the variation found in wild diploid and tetraploid wheats. This suggests that wild wheats, particularly the wild tetraploid wheats (ssp. dicoccoides), can be considered as a major source of genetic diversity for increasing zinc and iron density in seeds of modern wheats.
Wheat-dicoccoides substitution lines
Given the above results, we studied the role of genes from wild tetraploid wheat (ssp. dicoccoides) in determining zinc and iron concentrations of the modern wheats. Two dicoccoides substitution lines sets were used: Chinese Spring (CS)-dicoccoides and Langdon (LNG)-dicoccoides. CS and LNG are modern hexaploid and tetraploid wheats, respectively. These sets were grown under same soil conditions in a greenhouse and obtained from Dr. M. Feldmann (Israel) and Dr. B. Friebe (Kansas State University, USA).
Depending on the parent cultivars, several critical chromosomes were found to exert a pronounced effect on the concentrations of zinc and iron. In the case of CS substitution lines, the 6B, 6A, and 5B chromosomes resulted in large increases in zinc and iron concentrations in comparison with their recipient parent. The increases were 3.2-fold for the 6B and 2.6-fold for the 5B and 6A chromosomes, particularly chromosomes 6B and 5B of the dicoccoides accession used in the development of CS substitution lines.
In the case of the LNG-DIC chromosome substitution lines, the 6B chromosome was also a very critical chromosome, increasing both zinc and iron concentrations in seeds. The LNG-DIC substitution lines have been studied very extensively by Dr. Joppa's group. In these studies, the 6B chromosome is associated with high protein concentration in the seed [9] [10] [11] . Many other reports have shown a consistently significant correlation between the concentrations of protein, zinc, and iron in seeds [2, 8, 12] . Thus, further research is warranted on the possible linkage between the inheritance of high zinc and iron concentrations and protein.
Conclusions
Our results indicate that the wild tetraploid wheats (ssp. dicoccoides), particularly their chromosomes 6A and 6B, are highly promising sources of genes that determine high levels of zinc and iron in seeds. In view of the fact that the concentrations of protein in seeds are strongly and positively correlated with the concentrations of iron and particularly of zinc, selection and/or breeding for high zinc and iron levels in seeds may result in a simultaneously high level of protein.
